Sex Differences in Stress and Sleep-Koehl et al
INTRODUCTION

NUMEROUS CLINICAL STUDIES AND SLEEP SURVEYS HAVE SHOWN PRONOUNCED SEX DIFFERENCES IN THE
OCCURRENCE OF INSOMNIA AND SLEEP pathologies. [1] [2] [3] Although baseline sleep patterns appear to be fairly similar when healthy men and women are compared under strictly controlled laboratory conditions, 4, 5 in a real-life setting with all its environmental influences and its complex social context, sleep patterns and sleep quality may differ considerably between the sexes. 6, 7 Furthermore, sex differences in sleep may gradually develop and become rather prominent in the course of aging and with certain pathologies. 2 Particularly, aging-related sleep changes and pathologies such as sleep apnea and delayed sleep phase syndrome are more common in men, whereas insomnia and sleep changes associated with affective disorders are more common in women. More generally, it has been suggested that sex differences in sleep, while subtle under baseline conditions, may increase in magnitude under biological or environmental challenges. 1, 8 Importantly, in our modern around-the-clock society, many people, both men and women, are living under increasing pressure of full agendas and psychosocial stress. 9, 10 To study sleep under challenging conditions, animal models are a useful approach because they allow for controlled experimental manipulations that would be difficult to perform in humans, particularly in the case of more severe challenges such as stress. However, so far, females have rarely been included in animal research, and, thus, our current understanding of sleep and how it is affected by environmental factors remains biased.
In this context, the aim of the present study was to examine sex differences in sleep under both baseline and challenged conditions. We performed our study in mice because this species has become an important and frequently used model in sleep research. [11] [12] [13] We chose C57BL/6J mice, one of the most commonly used strains, because baseline sleep in the females of this strain varies little over the estrous cycle.
14 Therefore, a sex comparison would not be complicated by cyclic variations in female sleep. We first measured sleep in young adult male and female C57BL/6J mice under baseline conditions. Then, to study sex differences in sleep under challenged conditions, mice were subjected to 6 hours of sleep deprivation or 1 hour of restraint stress, both of which were applied at the beginning of the light phase, the main resting phase in mice. 12, 13 Sleep deprivation was used to challenge the normal sleep homeostatic regulatory mechanisms 12 and restraint stress was used as a more severe challenge that is known to affect sleep in male mice. 15 
MATERIALS AND METHODS
Subjects and Housing Conditions
The study was performed on 4-to 6-months old virgin male and female C57BL/6J mice bred in our laboratory (males n = 9; females n = 11). Animals were group housed from weaning until 2 weeks before the experiment, when they were singly housed. The mice were kept in a temperature-controlled facility (21ºC ± 1ºC) under a 12:12h light-dark cycle with lights on from 8:00 am to 8:00 pm. Ad libitum access to food and water was provided throughout the experiment. All procedures were approved by the Animal Care and Use Committee of Northwestern University.
Sex Differences in Sleep: the Response to Sleep Deprivation and Restraint Stress in Mice
Surgical Procedure Animals were anesthetized with methoxyflurane and implanted with permanent electrodes to record cortical electroencephalogram (EEG) and neck muscle electromyogram (EMG). [13] [14] [15] Two stainless-steel screws (1-mm diameter, model 000-120, Small Parts, Logansport, IN) inserted through the skull served as EEG electrodes; one was inserted 1 mm anterior to Bregma and 0.5 mm right of the central suture, the second 0.5 mm anterior to lambda and 3 mm left of the central suture. Two insulated stainless-steel wires serving as EMG electrodes were inserted into the trapezius muscles. The electrodes were soldered to recording leads before implantation, and the anchored screws were cemented to the skull with dental cement. The animals were allowed at least 2 weeks of recovery from surgery, after which they were connected to the recording system via a lightweight tether and swivel that allowed free movements throughout the cage. Mice were allowed at least 5 days of habituation to the recording device before recordings took place.
Data Acquisition
Six to 12 mice were recorded simultaneously in each session. Animals from each sex were included in each session. After the animals were habituated to the recording device, EEG and EMG signals were recorded and fed into amplifiers (Grass Model 12, Astro-Med Grass Instrument Division, West Warwick, RI). The EEG signal was amplified 10,000 times, low-pass filtered at 30 Hz, and high-pass filtered at 1 Hz. The EMG signal was amplified 5,000 times, low-pass filtered at 100 Hz, and high-pass filtered at 3 Hz. The signals were then digitized and stored at 102.4-Hz resolution on an on-line computer data-acquisition program (Multisleep 5.01, Actimetrics, Evanston, IL).
EEG/EMG Data Analysis
All EEG and EMG waveforms were hand scored offline for wakefulness, non-rapid eye movement (NREM) sleep, or rapid eye movement (REM) sleep in 10-second epochs. The EEG signal was subjected to spectral analysis by fast Fourier transformation, and EEG power in the delta or slow-wave range (1-4 Hz) was calculated for all NREM sleep epochs. To correct for interindividual differences in strength of the EEG signal, delta-power values were normalized. For each animal, the average NREM sleep delta power per time interval was expressed as a percentage of the mean 24-hour baseline NREM sleep delta power. The product of this transformation is referred to as slow-wave activity (SWA). Finally, to determine whether changes in REM sleep were specific to this stage or occurred in parallel with changes in NREM sleep, REM sleep was expressed as a percentage of total sleep time (REM/total sleep time). Because of periods without any sleep, this parameter was analyzed only for total amounts over the 24-hour LD cycle and the 12-hour light and dark phases.
Experimental Protocol
All mice were subjected to 2 experimental conditions: sleep deprivation and restraint stress. Half of the animals first received sleep deprivation, while the other half was first subjected to restraint stress. There were at least 10 days in between the 2 treatments to ensure full recovery. For each treatment, EEG and EMG were recorded for 2 consecutive days starting at lights on, a baseline day and an experimental day.
Sleep Deprivation
Mice were subjected to a 6-hour sleep deprivation starting at light onset by means of the platform-over-water method, supplemented by gentle handling when necessary. 13 Briefly, after the completion of baseline recordings, mice were placed on 3.5-cm diameter platforms surrounded by room-temperature water (about 0.5-1 cm below the platform and 2 cm deep). EEG and EMG recordings continued during this period, and the signals were observed to detect and disrupt any episode of sleep (by opening the recording chamber and gently tapping on the cage or, when necessary, gently touching the animals). This way we were able to efficiently sleep deprive 6 to 12 animals simultaneously. The method may have included some stress due to novelty and movement restriction, but we felt that, for the purpose of our study, it was a good comparison with the more-severe stress of restraint. At the end of the sleep-deprivation period, mice were placed back in their home cages and allowed to sleep ad libitum.
Restraint Stress
The mice were subjected to a 1-hour restraint stress during the first hour of the light phase. Restraint stress was achieved by enclosing the animals in a 3-cm diameter plastic tube with openings at both ends for tail and nose. 15 The length of the tube was adjusted to the size of the animals to ensure complete immobilization.
Estrous-Cycle Staging
We previously reported the absence of fluctuations in sleep across the estrous cycle in female C57BL/6J mice under baseline conditions.
14 However, it is not excluded that changes in sleep that occur under challenging conditions do vary across the cycle. The estrous cycle in rodents is a dynamic process with rapid changes in the neuroendocrine status, particularly during the proestrus and estrus phase. 16 To minimize potential variation, we only used females in diestrus, when the levels of reproductive hormones are fairly low and stable for about 2 days, 16 allowing us sufficient time for our recordings. Estrous-cycle stage was determined daily at lights on by vaginal smears starting at least 5 days before recording to habituate the animals to the procedure, which was performed by two trained experimenters. Three stages of the estrous cycle (diestrus, proestrus, and estrus) were identified according to the cellular contents of each saline lavage, as has been previously described. 14, 16 All females were smeared daily throughout the experiment, and only animals displaying a diestrus smear for the entire baseline and recovery periods for both the stress and the sleep-deprivation experiments were kept in the study. Finally, males were handled at the same time as females to control for the potential effects of the brief handling required to perform the vaginal smears.
Statistics
For sex effects on baseline sleep, time courses of SWA, NREM sleep, and REM sleep were analyzed by 2-way analyses of variance for repeated measures (between factor Sex: male or female, and within factor Time: 2-h interval) followed by a Duncan posthoc test whenever appropriate, and mean amounts of vigilance states over 24-hour and 12-hour periods (light and dark phases) were compared by 2-sample t tests. For sex effects on recovery sleep after restraint stress or sleep deprivation, timecourse data were first analyzed for each sex by 2-way analysis of variance (within factors Condition: baseline or recovery, and Time: 2-h intervals) followed by Tukey posthoc tests whenever appropriate. Mean amounts of SWA, NREM sleep, REM sleep, and REM sleep as a percentage of total sleep time over 24-hour and 12-hour periods for baseline and recovery were then compared by paired t tests. To determine more directly whether the 2 sexes differed in restraint-or deprivation-induced changes in sleep, all sleep parameters were expressed as delta values (ie, deviation between recovery and baseline values). These data were compared by 2-sample t tests. In all cases, statistical significance was set at p < .05.
RESULTS
Baseline Sleep Patterns
For each mouse, 2 baseline recordings were performed (1 before restraint and 1 before sleep deprivation, at least 10 days apart). For all sleep parameters, these recordings were similar both in total amounts and time course. Thus, in order to study sex effects on baseline sleep patterns, the data from these 2 recordings were pooled, and the mean values were analyzed (Figure 1 ).
Compared to males, female mice showed a higher amount of wakefulness over the entire 24-hour light-dark period (52.5%, compared with 46.7%, i.e., a 83.1-minute difference, t = 3.89, p < .005). This was due to an increase during both the light (t = 3.32, p < .005) and the dark phases (t = 3.25, p < .005) without changes in the distribution of wake episodes (F 11,198 = 1.15, p = NS). As depicted in Figure 1 panel B, this increased wakefulness in females was mirrored by decreased amounts of NREM sleep over both the light (t = 2.21, p < .05) and dark phases (t = 3.60, p < .005), resulting in an overall decrease in the total amount of NREM sleep over 24 hours (t = 3.60, p < .005) without changes in distribution (F 11,198 = 1.48, p = NS).
The time course of normalized EEG delta power or SWA showed a significant sex × time effect (F 11,198 = 3.1, p < .001) with relatively lower levels of SWA in females during the first 2 hours of the dark phase and higher levels for the 4 hours thereafter (Figure 1, panel A) . Also contributing to the increased wakefulness observed in females, REM sleep was found to be decreased specifically during the light phase (t = 2.85, p < .05), an effect that was mainly due to the first 6 hours ( Figure 1, panel C) .
Sleep Deprivation-Induced Sleep Changes
NREM Sleep
Sleep deprivation induced an alteration of NREM sleep distribution in both males and females (for females, F 11,110 = 45.15; for males, F 11,88 = 53.08; p < .0001 in both cases) with an initial and additional loss of NREM sleep that lasted up to 2 hours following deprivation, followed by an increase during the first half of the dark phase and a return to baseline values by the end of recording ( Figure 2, panel B) . Thus, for both sexes, the loss of NREM sleep that occurred during the light phase was partly compensated for by an increase during the dark phase ( Figure 3, panel B) . No sex differences were observed (Figure 3, panel B' ).
NREM sleep SWA
Due to the absence of NREM sleep during the 6 hours of sleep deprivation, NREM sleep SWA was analyzed only over the 18 hours of recovery compared to the corresponding 18h of baseline data. As for NREM sleep amount, NREM sleep SWA distribution was affected by sleep deprivation in both females and males (F 8,80 = 52.35 for females, F 8,64 = 40.44 for males, p < .0001 for both genders). Thus, SWA was increased over baseline values during the remainder of the light phase that followed sleep deprivation, indicating a compensatory increase in sleep intensity, but then decreased below baseline values during the dark phase (Figure 2,  panel A) . Overall, when the entire 24-hour period was considered (including the 6h of forced wakefulness), average SWA was not affected by sleep deprivation in females and only marginally in males (Figure 3, panel A) . However, these slight sex differences were absent when a direct sex comparison was performed ( Figure  3, panel A') .
REM Sleep
Sleep deprivation modified REM sleep distribution in both female and male mice (for females, F 11,110 = 23.18; for males, F 11,88 = 29.58; p < .0001 in both cases) with an initial and additional loss during the first 2 hours of recovery, followed by an increase in REM-sleep amount mainly during the dark phase (Figure 2 , panel C). The analysis over 24 hours revealed that the loss of REM sleep due to forced wakefulness was totally compensated for by the increase thereafter ( Figure 3, panel C) . Both the loss and the compensation were similar in females and males (Figure 3 , panel C'). When REM sleep was analyzed as a percentage of total sleep time, there was an overall increase of REM sleep over the entire 24-hour period, largely due to a higher fraction of REM sleep during the dark phase (Figure 3, panel D) . This effect was similar in females and males (Figure 3, panel D' ).
Restraint Stress-Induced Sleep Changes
NREM Sleep
Restraint stress at lights on changed the distribution of NREM sleep in both females and males (for females, F 11,110 = 10.24; for males; F 11,88 = 14.01, p < .0001 in both cases). Sleep was suppressed during not only the 1-hour restraint stress, but also the hour following it (Figure 4 , panel B, first 2-hour block) resulting in an overall decrease of NREM sleep amount during the entire light phase ( Figure 5, panels B and B' ). This was followed by an increase during the dark phase that lasted 2 to 4 hours (in males and females, respectively). A direct sex comparison revealed that, although the total amount of NREM sleep over 24 hours was not affected by restraint, males suffered a larger loss during the light phase than did females ( Figure 5, panel B' ).
NREM Sleep SWA
As for NREM sleep amount, NREM sleep SWA distribution was affected by restraint in both females and males (F 11,110 = 4.04 for females, F 11,88 = 7.38 for males, p < .0001 for both sexes). There was an increase in SWA during the hours following the initial decrease in NREM sleep amount after stress. During the dark phase, when the amount of NREM sleep was increased, SWA was somewhat decreased in females but more severely, although not statistically significant, in males ( Figure 4, panel A) . Overall, restraint induced a profound decrease in SWA during the entire dark phase in males, which resulted in a dampened SWA during the entire 24-hour recovery period ( Figure 5, panel A) . The sex comparison on delta values revealed that SWA was affected by restraint stress in males but not in females ( Figure 5, panel A' ).
REM Sleep
Restraint modified REM sleep distribution in both female and male mice (for females, F 11,110 = 4.25, for males, F 11,88 = 11.029, p < .0001 in both cases) with an initial loss that lasted 2 to 4 hours (in females and males, respectively). Overall, males initially suffered a significant loss of REM sleep during the light phase, which was followed by an increase for the entire remaining recovery period (Figure 4, panel C right) . In contrast, females initially only showed a very mild loss of REM sleep, which was rapidly compensated for before the end of the light phase ( Figure  4 , panel C left).
This sex difference was even more accentuated during the dark phase, with males displaying a much more drastic increase in REM sleep than females ( Figure 5 , panels C and C': 23.5 minutes of gain in REM sleep for males versus only 7.6 minutes for females). When REM sleep was analyzed as a percentage of total sleep time, the sex differences observed during the light phase were abolished whereas those observed during the dark phase were even more pronounced ( Figure 5, panels D and D' ).
DISCUSSION
The data show that, in C57BL/6J mice, baseline sleep patterns differ slightly between the sexes; however, the recovery response to 6 hours of sleep deprivation is similar. In contrast, the changes in sleep after restraint stress are markedly different between male and female mice. Thus, in mice, the fundamental homeostatic properties of sleep regulation do not appear to differ much between the sexes, but the way sleep is affected and disrupted by environmental influences and stressors may be sex dependent.
Baseline Sleep and Sleep Deprivation
In a previous study, we showed that C57BL/6J females display only minor variations in sleep across the estrous cycle; therefore, it seemed a convenient model to explore sex differences in sleep. 14 We compared sleep of female mice in diestrus with sleep in male mice. Under baseline conditions, female mice spent less time asleep than males-about 80 minutes evenly distributed over the 24-hour cycle-which was largely due to a lower amount of NREM sleep. The amount of REM sleep was also lower in the females, but this was restricted to the light phase.
These differences in baseline sleep between male and female C57BL/6J mice are only partly consistent with data collected in rats. 17 In Sprague-Dawley rats, the amount of NREM sleep is not different between males and females, but the time devoted to REM sleep is lower in females than in males. In humans, as far as it concerns healthy young subjects studied under controlled conditions, there appear to be no substantial sex differences in baseline sleep architecture. 4, 5, 8 Thus, the sex differences in sleep that we found in our mice under baseline conditions appear to be at least partly species dependent. However, it is not excluded that, even within the mouse species, sex differences may vary between strains.
In addition to measuring the time spent in NREM sleep, we also measured EEG SWA during NREM sleep, that is, the spectral power in the delta-frequency range (1-4 Hz). EEG SWA during NREM sleep is a function of prior wakefulness, as has been established in many species, including humans, 18 rats, 19 and mice. 12 A longer period of wakefulness is followed by higher SWA at the beginning of NREM sleep, and, thereafter, SWA gradually declines in the course of sleep. In other words, SWA in the EEG is homeostatically regulated, and, as such, it is thought to reflect the intensity of recovery sleep. 20 In the present study, under baseline All values are mean ± SEM. Significant differences between sexes: *p < .05; **p < .01; ***p < .001 (unpaired t test).
conditions, the time course of NREM sleep EEG SWA in the light phase, where it displayed the typical sleep-related decline, was similar for the 2 sexes. As expected, 6 hours of sleep deprivation during the first half of the light phase caused an increase in SWA, reflecting an increase in sleep debt and subsequent increase in sleep intensity. Importantly, the changes in SWA were similar in male and female mice. The enhancement of SWA that was induced by sleep deprivation dissipated in the course of recovery sleep and fell below baseline levels in the second half of the recovery period, a finding that is consistent with other studies. 12, 13, 21 These lower SWA values during the dark phase were accompanied by an increase in the amount of NREM sleep. It seems that, in the late recovery period after sleep deprivation, the time course of sleep duration and intensity are changed to more and shallower sleep. 21 Although the exact cause and function of this negative rebound in NREM sleep SWA is unclear, this aspect of the response to sleep deprivation was not different between male and female mice.
In our mice, 6 hours of sleep deprivation during the light phase caused not only a temporary increase in NREM sleep SWA and NREM sleep time, but also a clear rebound in REM sleep. This finding is in line with previous studies in various strains of mice, 12,13 although a relatively short sleep deprivation of 6 hours up to 12 hours often does not cause a major REM sleep rebound in rats. 19 It thus seems that mice show a more-prominent REM-sleep rebound than other species. 12 However, this increase in REM sleep time during recovery was not different between males and females.
To achieve sleep deprivation, we used the platform-over-water method supplemented with gently touching the animals when necessary. The data show that this approach indeed fully prevented the animals from sleeping. One may wonder, however, whether the platform method in itself did not induce stress, due to novelty and movement restriction, which then perhaps prevented the expression of sex differences in sleep. Although we cannot exclude such methodologic stress, it does not seem likely that it masked potential sex differences in sleep. On the contrary, the data on sleep after restraint suggest that, if anything, sex differences in sleep become stronger exactly under stressful and challenging conditions. Therefore, we feel that the procedure we applied appropriately served the purpose of examining effects of sleep deprivation. In summary, despite certain differences in baseline sleep patterns, there do not appear to be major differences between the sexes in the response to sleep loss.
A number of studies are in agreement with our data as far as they show that the response to sleep deprivation in females does not appear to be affected by variations in sex hormones across the estrous or menstrual cycle. A study in Sprague-Dawley rats has shown that, although changes in baseline sleep may occur across the estrous cycle in this species, the homeostatic response to sleep deprivation is similar at different phases of the cycle. 22 Also, in humans, the homeostatic response to sleep loss, as indexed by NREM sleep EEG SWA, has not been shown to be substantially affected by the menstrual cycle. 23 On the other hand, the only sex comparison for the response to sleep deprivation in humans that we are aware of showed a stronger increase in deep slow-wave sleep and EEG SWA in women after 40 hours of prolonged sleep deprivation. 8 This finding was interpreted as a possible sex difference in slow-wave sleep regulatory mechanisms and associated homeostatic processes, which appears to be in contrast with our data. It does not seem likely that species would differ in such fundamental sleep homeostatic processes; however, there are other differences between the studies that may explain the discrepancy in the results. For example, it may be that sex differences in slow-wave sleep only occur with a more strenuous and prolonged sleep deprivation, such as that applied in the human study. Clearly, the available data are too limited for definite conclusions. More studies are needed in which the homeostatic sleep responses of male and female subjects are compared after sleep deprivation of different durations, preferably in both rodents and humans.
Restraint Stress-Induced Sleep Changes
Whereas the response to sleep deprivation was similar in male and female C57BL/6J mice, the response to restraint stress was different between the sexes. After restraint stress, the males initially lost more sleep (both NREM and REM sleep), which then was followed by a stronger rebound (particularly REM sleep). Thus, although male and female mice appear to have similar homeostatic regulation of sleep, as reflected in similar responses to sleep deprivation, they may differ in their sensitivity to disturbance by certain stressors. This conclusion is in line with the notion that, in humans, sex differences are subtle under baseline conditions but increase in magnitude under biological or environmental challenges. 1 In the present study, males showed the strongest changes in sleep after restraint stress, both in terms of the initial sleep loss and the subsequent rebound in, particularly, REM sleep. This stronger response in males may be counterintuitive, since, in humans, sleep disturbances and insomnia are more frequent in women. 3 However, the sex-dependent effects of restraint do not necessarily reflect how sleep is affected by other stressors or by environmental stimuli in general. For example, the effects of social stimuli and social stressors are quite different from the changes in sleep after restraint stress. 24, 25 And, if other stressors and challenges have different effects on sleep, it is not excluded that the direction of the sex differences is opposite.
Another critical note regarding the direction and magnitude of the sex difference in sleep after restraint stress is the fact that we studied female mice only during the diestrus phase of their cycle. Although we showed in a previous paper that baseline sleep in female C57BL/6J mice does not show major variation across the estrous cycle, 14 it is not excluded that the changes in sleep seen in response to restraint stress do vary across the cycle. At least, as far as it concerns the acute neuroendocrine and behavioral response to stress, variation across the estrous cycle has indeed been shown. For example, studies in rats show that the female hypothalamus-pituitary-adrenal response (corticosterone) may be higher during proestrus than during diestrus. 26 On the other hand, some behavioral indexes of anxiety have been found to be lower during proestrus and estrus, as compared with diestrus. 27 Studies in mice confirm the complexity of this issue and show that the response to stress may vary across the cycle for some behavioral measures but not for others. 28, 29 Thus, whether or not there is an influence of the estrous cycle and sex hormones on the response to stress, and also the direction of this influence, may depend on the physiologic or behavioral readout that one studies. Therefore, we can not exclude that the sex differences in sleep after restraint will be stronger or weaker at other phases of the female estrous cycle, although this remains to be studied. However, the main purpose of this study was to examine whether there may be sex differences in sleep in response to a specific challenge, which was clearly demonstrated.
At this point, we can only speculate about the mechanisms underlying the sex differences in sleep after restraint stress. Sex differences have been reported for many aspects of brain organization, neurotransmitter function, and neuroendocrine regulation, 30, 31, 32 including regulation of classical stress systems and general stress reactivity. 10, 33, 34 For example, the available literature suggests that males and females differ in the regulation of the sympathetic nervous system. 34 Pathways regulating the release of adrenaline appear to be more sensitive to excitatory stimuli in males than in females, and this higher sympathoadrenal reactivity might contribute to higher arousal and a stronger initial inhibition of sleep in males.
On the other hand, rather than reflecting a difference in general stress reactivity, the sex differences in sleep that we found may, in part, be specific for restraint. In contrast with some other stressors, 35 restraint stress is characterized by a particularly pronounced REM-sleep rebound, as has been shown in mice 15 and rats. 36, 37 The present study suggests that this may be true only for males, and any of the factors that have been proposed for the restraint-induced increase in REM sleep could be involved, eg, corticotropin-releasing hormone, 38 corticotropin-like intermediate lobe peptide, 39 or prolactin. 15 Since little is known about sex differences in the regulation of these factors in response to restraint stress, further studies will be needed to determine the mechanism underlying the differences in sleep response we found.
Most likely, the pattern of sex differences in sleep and stressinduced changes in sleep will be a complex interaction between sex differences in various neurophysiologic systems and the way these systems are activated by specific environmental stimuli. Clearly, to gain insight into this complex relationship, many more controlled and experimental studies are needed, aimed at how specific environmental stimuli and stressors affect sleep in both males and females. The results of the present study show that sex differences in sleep may occur in response to certain stressors, and these findings underscore the need for many more studies on sleep that include female subjects.
